The SQUAMOSA promoter-binding protein-like (SPL) is a plant-specific transcription factor that influences flowering and vegetative development. Although the SPL genes have been functionally analyzed in many species, studies on the evolutionary history of the whole gene family, and in the Juglandaceae specifically, have been limited. Here, we conducted a phylogenetic relationship analysis of the Juglandaceae SPL gene family compared with other land plant species. Our results showed that the SPL genes were divided into three major clades, all of which were further divided into ten small clades. Selection pressure analysis suggested that all SPL genes were exposed to purifying selection pressure during evolution. The purifying selection was smaller for the Juglandaceae SPL genes than for other angiosperms, indicating a greater susceptibility to functional differentiation in the Juglandaceae. The SPL proteins encoded by Clade 1 contained a branch-specific transmembrane structure and many conserved motif combinations at the C-terminal. We also detected many selection sites in these motif combinations. Expression analysis showed that Clade 1 genes had spatial and temporal differences and were highly expressed in various organs. The expression profile was closely related to the selection sites and motif combinations at the C-terminal. These observations represent essential entry points for revealing the functional differentiation of the SPL gene family. Our data presented here may provide a basis for future investigations of SPL genes in the Juglandaceae, especially for flower development and perhaps crop yield improvement.
Introduction
Transcription factors are vital for plant growth and development because they regulate numerous physiological and biochemical processes. They can promote cell division or prevent an early division of immature cells (Graaff et al. 2009 ), thereby regulating the development of inflorescence meristems, ovules, seeds, and flower organs (Riechmann and Meyerowitz 1998) . Flower and vegetative development is regulated by the plant-specific SQUAMOSA promoterbinding protein-like (SPL) transcription factor family (Wang et al. 2009 ). The SPL proteins can be separated into two major groups-the long and short proteins-and the short protein group is regulated by the microRNAs miR156 and miR157 (Xing et al. 2010) . The long SPL proteins comprise more than 800 amino acids, while the short SPL proteins contain no more than 400 amino acids (Xing et al. 2010 ). These differences are responsible for the considerable functional diversity among these transcription factors, which influence plant morphology, flower and fruit development, and transduction of hormone signals, as well as other physiological processes (Gou et al. 2011) . All SPL proteins contain a conserved SQUAMOSA PROMOTER-BINDING PRO-TEIN (SBP) domain entailing about 78 amino acids (Cardon et al. 1999; Birkenbihl et al. 2005; Guo et al. 2008 ). This domain contains three functionally important sequences: zinc finger 1 (Zn1), zinc finger 2 (Zn2) (Yamasaki et al. 2004) , and a nuclear location signal (NLS) (Birkenbihl et al. 2005) . The SBP domain binds to the consensus nucleotide sequence TNCGT ACA A of the SQUAMOSA promoter to regulate the expression of the SPL gene (Cardon et al. 1997) .
The SPL genes are expressed in different plant tissues during different growth stages, but they are mainly expressed in young vegetative and flowering organ tissues. They have been partitioned by differential subfunctionalization following gene duplication and speciation, which have indicated that neo-functionalization and parallel recruitment occurred relatively recently in evolution (Preston and Hileman 2013) . Thus, the numbers of SPL gene family members differ within plant species; for example, 16 SPL genes are reported in Arabidopsis thaliana, 17 genes in Hordeum vulgare, 19 genes in Oryza sativa, 29 genes in Populus trichocarpa, and 31 genes in Zea mays (Cardon et al. 1997; Tripathi et al. 2018; Xie 2006; Jiao et al. 2010; Li and Lu 2014; Moreno et al. 1997; Wang et al. 2005) . Besides these differences in the numbers of genes, SPL transcription factors also exhibit species-specific functions. For example, O. sativa SPL8 (OsSPL8) controls the development of the auricle, which is a unique phenotype of monocotyledons (Moreno et al. 1997 ; Lee et al. 2007 ). Another study revealed that several cis-acting elements in the Gossypium arboreum and H. vulgare SPL promoter regions are associated with responses to light, stresses, and phytohormones (Cai et al. 2018; Tripathi et al. 2018) . The numbers, structures, and functions of the SPL genes have also been studied in other major crops and in some model plant species, such as Glycine max, Lycopersicon esculentum, Malus pumila, O. sativa, Petunia hybrida, and Salvia miltiorrhiza (Tripathi et al. 2017; Manning et al. 2006; Miura et al. 2010; Li et al. 2013; Preston et al. 2016; Zhang et al. 2014) . For example, in O. sativa, high expression of the SPL genes leads to grain yield enhancement and increases in crop production (Jiao et al. 2010; Miura et al. 2010) .
Improvements in crop yields are urgently needed in economically important cultivated species of the Juglandaceae, such as Carya cathayensis (Chinese hickory), Carya illinoinensis (pecan), and Juglans regia (Persian walnut). These nuts have known health benefits and can reduce the risk of cardiovascular disease and coronary heart disease (Hu et al. 1998; Wu et al. 2004; Wang et al. 2007) . C. illinoinensis is native to North America, and its excellent commercial value has led to worldwide planting on a large scale (Sparks 1992) . C. cathayensis is the most important woody oil-bearing plant in southeastern China and provides important support to the local economy as well as widely recognized health benefits in the Chinese community. J. regia is the most widely consumed tree nut in the world. Thus, increasing the yield of these plants is of considerable worldwide interest.
In this work, we first mined the SPL gene family from the available genome, coding, and protein sequences in various plant species, including members of the Juglandaceae. We then analyzed the evolution and function of the SPL gene family. Differences in the number of SPL genes among the Juglandaceae species were examined through the analyses of phylogenetic relationships, sequences and motifs, gene expression, and selection pressure. The data presented here may provide an important basis for future investigations of SPL genes, with implications for improving crop yield in the Juglandaceae.
Materials and methods

Identification of SPL gene family members
A total of 17 A. thaliana SPL genes and predicted proteins were retrieved from the TAIR database (http://www.arabi dopsi s.org) to serve as queries for the homologous search described below. The complete genome and predicted protein sequences of Amborella trichopoda, A. thaliana, G. max, Medicago truncatula, O. sativa, Physcomitrella patens, P. trichocarpa, Vitis vinifera, and Z. mays were obtained from the Phytozome database (version 12.0, https ://phyto zome.jgi.doe.gov/pz/porta l.html#). The complete genome and predicted protein sequences of J. regia were obtained from the NCBI database (https ://www.ncbi.nlm. nih.gov); the J. regia sequence name was modified with a combination of the Latin abbreviation and protein ID, such as JrXP_018805983.1. The genome draft and predicted protein sequences of C. cathayensis and C. illinoinensis were obtained from our assembled data, which are currently being submitted. A search of SPL homologous sequences within these land plants was performed using local blastn, blastp (Altschul et al. 1990) , and hmmsearch (Finn et al. 2011) with an e value less than 10 −5 . These sequences (short sequences were discarded) were translated, and then domain searches against the Pfam database (Finn et al. 2010) were conducted using the SMART program (http://smart .embl-heide lberg .de). Candidate sequences lacking the SBP domain were excluded from phylogenetic analysis.
Phylogenetic analysis
All SPL amino acid sequences were aligned with the Muscle tool of MEGA 5.0 (Tamura et al. 2011) . Default parameters were used to determine the best-fitting evolutionary models by the model test in MEGA 5.0. A phylogenetic relationship of the SPL protein tree was constructed according to the maximum-likelihood tree using RAxML-NG (https :// githu b.com/amkoz lov/raxml -ng) to obtain the number and composition of orthologous groups, and sequences with a significant mislocation were manually adjusted. The maximum-likelihood analysis was performed with the JTT+G model with bootstrap values as 1000. The same family species of the same phylogenetic tree branch were joined into one group. The bootstrap level of each branch is not shown in the figure. However, the complete phylogenetic tree can be seen in supplementary figure S1. The motifs of the SPL genes were analyzed using MEME (http://meme-suite .org/ tools /meme) with a maximum motif length of 100 and a search number of 20. The SPL genes of various species in each clade were also counted.
The reliability of the phylogenetic tree constructed by RAxML-NG was verified by also constructing phylogenetic trees based on SPL protein sequences using the neighborjoining (NJ) and maximum-likelihood (ML) methods of MEGA5.0. The NJ and ML trees were constructed with the 'pair-wise deletion' option and the 'number of bootstrap replications' model, with a bootstrap test comprising 1000 replicates. The corresponding proteins from A. trichopoda (an ancient angiosperm) were used as an outgroup for the phylogenetic tree of Juglandaceae SPL genes, which was constructed with the NJ method.
Selection pressure analysis
A branch model was used to evaluate the ω-value of each clade with PAML (Yang 2007) . A Likelihood Ratio Test (LRT) was performed to either accept or reject the hypothesis of model 0 (only one ω value in the tree) or model 2 (Two ratio Model 2: allow the ω value to vary among the foreground and background branch) among the different clades. The LRT was calculated assuming that twice the difference in the log of maximum-likelihood was distributed as a χ2 distribution, with the degrees of freedom given by the difference in the number of parameters in the models. Each clade was set as the foreground for testing. The selection pressures of angiosperms were also calculated in the same way.
Positive selection was evaluated using a branch site model: Model A allowed positive selection on one or more branches and Model A null did not allow positive selection. Each clade was set as the foreground to test for positive selection sites with the LRT calculation. The Bayes Empirical Bayes analysis was used to evaluate the posterior codon probability of the positive selection site class on the foreground branch.
Transmembrane structural analysis
The possible functional structures at the C-terminal of the SPL proteins were searched using the SMART program with C. cathayensis SPL genes as representative genes. If a transmembrane structure was detected in the C-terminal, the transmembrane structure of all SPL proteins was then predicted with the TMHMM program (version 2.0, Krogh et al. 2001) . For the predictions, the SPL proteins were considered likely to contain a transmembrane region or signal peptide if the expected number of amino acids in the transmembrane helices (ExpAA) exceeded 18.
Expression analysis
The fragments per kilobase million (FPKM) values of C. cathayensis and C. illinoinensis RNA sequencing data (submitted, Bioproject ID PRJNA435846) were utilized for the gene expression analysis of various tissues. The analyzed C. cathayensis tissues were male and female flower buds, male inflorescences, exocarps, endocarps, embryos, and vegetative shoots. Similarly, the examined C. illinoinensis organs included exocarps, embryos, roots, stems, and leaves. The gene expression maps were modified from the analyzed results from the MultiExperiment Viewer (Howe et al. 2010 ).
Prediction of hickory SPL genes targeted by miR156
C. cathayensis miR156 (miR156a, miR156b, miR156i, miR156j, and miR156k) sequences were obtained from a recent study (Sun 2016) . The miR156 target site of C. cathayensis SPL genes was predicted by searching the 3′ untranslated regions and coding regions of all C. cathayensis SPL genes using the psRNATarget with default parameters (Dai and Zhao 2011) .
Results
Classification and evolution of the SPL family in angiosperms
In this study, we utilized 17 A. thaliana SPL (AtSPL) protein sequences as the queries for local blastp, blastn, and hmmsearch searches against our custom land plants database. Our results showed that the SPL gene family is common among land plants. All analyzed protein sequences contained a representative domain, which was identified as SBP by the SMART program.
A total of 293 SPL genes were identified through a comprehensive search from our customized database. The results indicated that A. trichopoda has the least number of SPL genes, while J. regia has 37 SPL genes (Table 1 and  Table S1 ). The dicotyledonous model plant, A. thaliana, has a total of 17 SPL genes. However, we noticed that the A. thaliana SPL AtSPL13A gene differed from the AtSPL13B gene by only one base. Therefore, we assumed they are the same gene, so a total of 16 A. thaliana SPL genes were used in this study (Table 1) . Our search results for SPL genes showed that fewer than 10 genes were detected by blastn and blastp in each Juglandaceae species. However, the hmmsearch results for the SBP domain revealed more than 30 genes in each Juglandaceae species. Our results suggested that the SPL gene sequences in Juglandaceae species differ considerably from those of A. thaliana. Certain family members with diverse sequences could easily be missed if only counting using a sequence similarities search.
We investigated the phylogenetic relationships among the SPL genes of the aforementioned species using 293 SPL genes to construct phylogenetic trees and subsequently analyzed the motifs ( Fig. 1 and Fig. S1 ). The 293 SPL genes were divided into three major clades according to sequence lengths, as well as the combination of motifs and topological structures of phylogenetic trees. Clade 1 SPL genes encoded long SPL proteins, while the SPL genes of Clades 2 and 3 encoded short SPL proteins. Clades 1 and 3 contained multiple motifs that could be further divided into three and six smaller branches, i.e., Clades 1.1-1.3 and Clades 3.1-3.6, respectively. Although the SPL gene family has expanded in land plants, our analyses of the encoded protein sequences indicated that this gene family follows a conserved evolutionary model. This observation is in accord with a previous study by Preston and Hileman (2013) . We obtained an evolutionary relationship point of view by constructing the phylogenetic trees using the NJ method ( Fig. S2 ) and the ML method (Fig. S3 ). We noticed that the position of the six branches in Clade 3 differed somewhat depending on the method used, but the evolutionary relationships in each clade were conserved.
Next, we carried out a motif analysis to assess the reliability of the obtained phylogenetic grouping. We analyzed the composition and distribution of motif-encoding sequences in the SPL genes, and our results showed that the motif of the SPL genes was highly specific among the different clades (Fig. 1) . The MEME results indicated that all SPL genes contained motif 1. The SPL genes in Clade 2 contained only motif 1. By contrast, Clade 1 SPL genes contained motifs 1 to 3, while all Clade 3 SPL genes contained motifs 1 and 5. Analysis of the motif sequences revealed that motif 1 contained the sequences typical of the SBP domain (i.e., encoding Zn1, Zn2, and NLS). Thus, we concluded that motif 1 is the SBP domain. The SPL motifs were highly specific among the different clades. However, the motif composition in the N-terminal was relatively highly conserved.
Although the SPL gene family has expanded in angiosperms, analyses of the encoded protein sequences indicated that this gene family followed a conserved evolutionary model. The motif analysis results were consistent with the grouping results of the topology of the phylogenetic tree. For some SPL genes with an incomplete SBP domain sequence, we speculated that the encoded proteins consisted of a partial SBP structure. Because the missing part was not conserved, these sequences were not detected as a motif by MEME. The specific cause of this phenomenon requires further study. However, all these sequences contained the SBP domain sequences according to a SMART search, implying that they are SPL genes. Based on the MEME results, we explored the SPL gene distribution in greater detail in the plant species mentioned above in each clade. We observed that Clade 2 and Clade 3.6 did not contain SPL genes derive from Gramineae species, whereas Clade 3.2 lacked the SPL genes from Brassicaceae species. The SPL genes of P. patens were observed in only a few clades. This distribution may reflect the deletion of genes during evolution, with the ancient species affected the most. All phylogenetic trees constructed with RAxML-NG ( Fig. 1) as well as the NJ (Fig. S2) and ML (Fig. S3 ) methods indicated that Clade 2 was highly conserved, and lacked the monocotyledon SPL genes, whereas sequences from the other species were well preserved. 
Evolutionary selection of SPL genes in Juglandaceae
The number of SPL genes in Juglandaceae species was similar to that of G. max, P. trichocarpa, and Z. mays and was considerably higher than in most other land plants examined (Table 1 ). The SPL genes of G. max, P. trichocarpa, and Z. mays were reported to have undergone a specific duplication event (Ralph et al. 2008; Schmutz et al. 2010; Hirsch et al. 2016) . Therefore, we also constructed a phylogenetic tree of the Juglandaceae SPL genes to investigate whether these genes had undergone a Juglandaceae-specific duplication event within specific species. Our results indicated that only six pairs of J. regia SPL genes existed in the form of paralogous gene pairs, corresponding to 16.22% of the total number of J. regia SPL genes, but they were not present in C. cathayensis and C. Illinoinensis (Fig. S1) . Conversely, 94.74% of the G. max and 74.07% of the P. trichocarpa SPL genes were detected as paralogous gene pairs (Fig. S1 ). These observations suggested that the Juglandaceae SPL genes had not undergone a Juglandaceae-specific duplication within species. Their considerable abundance is likely to reflect the occurrence of one replication before differentiation in the common ancestors. Many paralogous SPL genes generated by replication events may have been affected during evolution by functional changes, including neofunctionalizations and subfunctionalizations. We speculated that SPL genes in some clades underwent an adaptive evolution, with corresponding changes to the encoded amino acid sequences. We tested this hypothesis by investigating selection models of all clades using Codeml (Yang 2007) . Branching models were used to investigate the selection patterns of the small branches in Clades 1-3. Fig. 1 Phylogenetic relationship and motif patterns of the SPL gene family in the Juglandaceae and other land plants. The phylogenetic tree was built using the JTT+G model with 293 SPL protein sequences. The SPL genes of the same family were combined into one aggregate. Conserved motifs among SPL proteins were identified through MEME analysis. The SBP domain (motif 1) is marked with a gray box, while the other motifs are marked with black boxes Our results showed that, in general, the ω-value of all branches was less than one (Fig. 2) , indicating that all SPL genes were under purifying selection pressure and that they had evolved in a relatively conservative manner. Generally, Clade 2 and most of the branches of Clades 1 and 3 had lower ω-values, except for Clade 1.3 and Clade 3.5 (Fig. 2) . The ω-value differed substantially within the branches, even in the same primary clade. For example, the ω-value of the highly conserved Clade 2 varied up to 10 fold among the different branches. Early differentiated branches generally had lower ω-values, except for Clade 2. With the constant differentiation, the ω-value of Clade 2 branches reduced (Fig. 2b) . In Clade 1, the earlier emerging branches were more conserved. The replication and subsequent functional differentiation of the genes in new branches were due to plant adaptations to the environment (Fig. 2a) . Clade 3, which included genes encoding the short SPL proteins, exhibited similar evolutionary characteristics, with ω-values between 0.100 and 0.150, except for clade 3.5 (Fig. 2c) .
Some species had experienced special natural and differing selection pressures. We tested whether a substantial difference existed between the Juglandaceae and other species by analyzing the branching models between angiosperms and J. regia plants (Fig. S4) . The ω-values were higher for the Juglandaceae than for the angiosperms, especially in Clades 1.1-1.3 and Clade 3.5. The ω-values of the four branches of the Juglandaceae were more than 10 times greater than the ω-values of the angiosperms (Fig. 2a, c, S4 ).
Juglandaceae SPL gene selection sites
We performed Bayes Empirical Bayes analysis (Yang et al. 2005) to predict the selection sites of the Juglandaceae SPL genes in Clades 1 and 3, with each clade as a foreground and all clades in same major groups as the background. We detected 17 selection sites in the Clade 1 genes (Table S2) and seven selection sites in the Clade 3 genes (Table S3) . These sites had a posterior probability greater than 0.9 under positive selection pressure (ω-value > 1). All selection sites of the Clade 3 genes were located in the SBP domain sequence (Fig. 3) , with 23 K (Clade 3.5) located in Zn1, 61D (Clade 3.5) and 62G (Clade 3.1) located in Zn2, and 75E (Clades 3.4 and 3.6) located in the NLS. Changes in Zn1, Zn2, and the NLS affect the ability of the SPL proteins to bind to DNA, thereby leading to changes in gene function and differentiation of these branches.
Most of the Clade 1 selection sites were located at the C-terminal. The Clade 1.2 genes had the most selection sites, but their SBP domain at the N-terminal contained only four selection sites (7R, 9S, 45S, and 67S; Table S2 ). Although the sequence corresponding to the N-terminal was conserved, many selection sites had been generated. the selection pressure of the branch: ω < 1 the branch is subjected to purification selection, ω = 1 the branch is subjected to neutral selection, and ω > 1 is the branch is subjected to evolutionary selection The C-terminal was even less conserved, so selection sites were likely to be generated more easily. The C-terminal of the Clade 1 genes carried multiple selection sites, but no reports have described an SPL gene with domains other than the SBP domain. A motif analysis by MEME revealed that the C-terminal of the Clade 1 genes has multiple conserved motifs (motifs 2, 3, 4, 8, 10, and 12), which are unique to this branch (Fig. 1) . The Pfam search for the Clade 1 domain indicated that this motif's combinations at the C-terminal did not match any known domain.
Interestingly, we detected a transmembrane structure at the C-terminal of the SPL proteins. Hence, we used the TMHMM program to predict the transmembrane structure encoded by all SPL genes. The protein is considered to contain a transmembrane region if the ExpAA value is greater than 18. We observed that 85% of the SPL genes in Clade 1 encoded a transmembrane structure at the C-terminus, accounting for 77% of all the SPL genes that have a transmembrane structure (Table S1 ). This structure is likely to be specific to the proteins corresponding to the Clade 1 genes. Further study is needed to verify this other potential functional structure in the conserved motif combinations.
Expression analysis of Juglandaceae SPL genes
We conducted an expression analysis of the C. cathayensis and C. illinoinensis SPL genes to study the possible functional roles of these genes (Fig. 4) . The C. cathayensis SPL genes were highly expressed throughout the differentiation stages of the male and female flower buds (Fig. 4a) , suggesting that SPL genes were involved in C. cathayensis flower development. The SPL genes were also expressed in vegetative shoots and leaves, exocarp, endocarp, and embryo (Fig. 4) . We noticed a variation in the expression level of C. cathayensis SPL genes in different branches of the same clade (e.g., Clades 2, 3.2, and 3.5; Fig. 4a) . The gene expression level of one branch was either decreased considerably or the gene was no longer expressed. The SPL genes of these clades were not expressed in other tissues or growth periods. The C. illinoinensis SPL expression levels also exhibited similar profiles (e.g., Clade 3.3 and 3.5; Fig. 4b ). These genes with decreased expression levels may have been affected by defunctionalizations or subfunctionalizations during evolution.
Among the three clades, the Clade 1 genes of C. cathayensis and C. illinoinensis exhibited a similar expression pattern to that of L. esculentum SBP7 (Salinas et al. 2012) . These genes were widely expressed in flower buds, pericarps, embryos, leaves, vegetative shoots, and roots. The motif combinations of the N-terminal of the three clades were highly conserved, so they were unlikely to cause the observed differences in expression of the SPL genes. However, the branch-specific motif combinations at the C-terminus of Clade 1 (Fig. 1) was most likely to cause this type of change. Therefore, we have proposed that the expression of Clade 1 genes was due to the C-terminal motif combinations. Evidence from the present study also suggested that the C-terminal motif combinations and multiple selection sites located in the motif combinations might contribute to the expression of Clade 1 genes in various plant tissues.
Interestingly, Clade 3.5, which has the highest ω-value (Fig. 2c) , differed from the other Clade 3 branches in C. illinoinensis. Some of the SPL genes in Clade 3.5 have higher expression levels in roots (Fig. 4b) . No similar profile was Fig. 3 Selective pressure in specific sites of Clade 3. The proteins in this clade that have been subjected to a highly significant selection pressure are highlighted with red stars. The proteins subjected to a significant selection pressure are marked with yellow stars observed in the C. cathayensis expression data. Between the different branches of the same major group, the expression pattern of the C. cathayensis SPL gene is generally consistent (Fig. 4b) .
Discussion
The SPL gene family plays an essential role in the regulation of plant growth and flowering (Wang et al. 2009) , and it exhibits species-specific functions. For example, OsSPL8 can control the development of auricles, which are unique structures to the Gramineae (Moreno et al. 1997; Lee et al. 2007 ). In the Juglandaceae, the male flowers of C. cathayensis, C. illinoinensis, and J. regia become dormant after differentiation, and blossoming occurs in the next spring (Latorse 1985; Zhang et al. 2008; Xie 2013) . By contrast, the SPL genes are induced throughout the development of the entire male flower. Regardless of whether the SPL genes regulate this particular developmental process in the Juglandaceae, understanding the role of SPL genes in the Juglandaceae in functional or structural differentiation is of considerable research interest. However, our understanding of the role of the SPL genes is still limited. Therefore, the first step in understanding the functional diversity of these genes is to study the evolutionary history of the SPL gene family.
Evolution and expansion of the Juglandaceae SPL gene family
Our results indicate that the SPL gene family has stabilized and is moving in an increasingly conservative direction (i.e., the ω-values are less than 1; Fig. 2 and Fig. S4) . However, the number of SPL genes varies from species to species. Phylogenetic evidence suggests that the gene encoding the SBP domain has undergone several ancient as well as more recent replication events, leading to the formation and retention of multiple SPL paralogs and branches (Preston and Hileman 2013) . Ancient plant species contain relatively few SPL genes, suggesting that multiple gene duplications have occurred during the evolution of the SPL gene family (Kaufmann et al. 2010) . The SPL genes of G. max, P. trichocarpa, and Z. mays underwent specific duplications, resulting in significantly more SPL genes in their genomes than are found in other species in the same family (Ralph et al. 2008; Schmutz et al. 2010; Hirsch et al. 2016) . Although the Juglandaceae SPL genes did not undergo species-specific duplication, the duplication experienced by their ancestors prior to differentiation may have resulted in a similar differentiation potential and number of members as species that did undergo speciesspecific duplications (Table 1 and Fig. S1 ). Whether functional changes accompany these gene duplication events remains to be determined. Future studies should look for new differences in these gene sequences and structures.
We observed that the genetic relationship of the SPL genes between different species might not match the genetic relationship of other species, such as Clade 2 (Fig. 1 and  Fig. S1 ). For example, A. trichopoda is a relict plant that separated from other angiosperms before it differentiated. In Clade 2, the diversification of some A. trichopoda SPL genes occurs after that of the Juglandaceae. This phenomenon may reflect a different rate of evolution of the SPL genes from different species under specific environmental conditions. When the evolutionary rate is highly inconsistent, rapidly evolving species may introduce multiple mutations at certain sites, so the bases remain the same. These sites should appear relatively late in the evolution process. When this non-homologous similarity was sufficient to mask the true historical information in the sequence, it created a conflict between the phylogenetic trees based on gene or protein sequences and the relationships among the evolved species (Felsenstein 1978; Andreasen and Baldwin 2001) . Conversely, it also reflected the evolution rate of the earliest branches in Clade 2, which has three Juglandaceae SPL genes and one V. vinifera SPL gene that differed from the other SPL genes on the same clade. We observed that the SPL genes of C. cathayensis, C. illinoinensis, and J. regia lacked an apparent differentiation order during evolution. Among these three species, C. cathayensis and C. illinoinensis showed the closest phylogenetic relationship. However, in some branches, such as Clades 3.2, 3.3, and 3.4 (Fig. 2) , the J. regia SPL genes were closely related to one of them.
While constructing the phylogenetic tree of the Juglandaceae Clade 3 for pressure calculations, we found that Clade 3.6 (which should have been grouped with Clade 3.5) was clustered with Clades 3.3 and 3.4 (Fig. 2c) . A phylogenetic relationship such as this may be due to a deletion. We need to delete the non-shared motif structure, leaving only the members that have motifs 1 and 5 (Fig. 1) prior to the branch model calculation. Our results indicated that the motifs 1 and 5 sequences of the Clade 3.6 SPL genes were most similar to the corresponding motif sequences in Clades 3.3 and 3.4. The Clades 3.5 and 3.6 are clustered together in a complete phylogenetic tree (Fig. 1 ) most likely because of the high similarity of parts other than motifs 1 and 5.
Differentiation of the SPL gene family
Gene duplication is a main driving force for the acquisition of new genes and the creation of new functions (neofunctionalizations and subfunctionalizations) (Taylor and Raes 2004) . A central theory of molecular evolution states that most genes evolved primarily under strong purifying constraints to conserve functions. Gene duplication allows a gene to be free from this selection pressure and to eventually accumulate mutations that can lead to new functions or a complete loss of function (Prince and Pickett 2002) .
The SPL genes of the Juglandaceae species had all been subjected to purifying selection pressure, but the variation in the ω-values among different branches suggests that the evolution of the genes in these branches was not synchronized. Genes with lower ω-values encode important proteins that may be beneficial to plants and may be under purifying selection pressure, while genes with higher ω-values are under strong selection pressure and may have evolved new functions or become pseudogenes. Selection pressure differences are also likely to be responsible for differences in the gene evolution rate of each branch.
Our results showed that the Clade 2 and 3 SPL expression patterns (Fig. 4) were similar to those of many other species, with relatively high expression levels in inflorescences and flower buds (Xie 2006; Salinas et al. 2012; Li et al. 2013) . By contrast, Clade 1 SPL genes (encoding lone SPL proteins) were highly expressed in all tissues. This expression pattern differed from that of other clades, indicating that functional differentiation has taken place. Previous studies have shown that these genes are essential for plant growth and development and cannot be easily changed. For example, the A. thaliana SPL genes (AtSPL7, AtSPL14, and AtSPL16) in this clade are important for certain activities, including regulation of copper homeostasis in the root (Garciamolina et al. 2014a, b) , plant development, and sensitivity to fumonisin B1 (Stone et al. 2010) , respectively. Genes in this clade usually did not undergo functional differentiation unless exposed to major changes in the external environment. The three branches of Clade 1 have been widely studied in terms of the functional annotation and subsequent validation of members in Clades 1.1 and 1.2, while relatively few studies have been conducted on members in clad 1.3 (Preston and Hileman 2013) . Our results showed that Clade 1.3 has the most members and the highest ω-values in Clade 1, suggesting that Clade 1.3 has the most diverse potential in Clade 1. The expression patterns of Clade 1.3 did not differ much from those of the other two branches, so the Clade 1.3 genes may redundantly regulate plant growth and development along with the genes in the other branches in Clade 1. Lan et al. (2017) described that an individualized genomic architecture might play an important role in adaptation to specific environments when plants are under purifying selection. From the above observation, we speculate that when an environment changes considerably, the SPL genes of Clades 1.1 and 1.2 will continue to play their original roles, while those of Clade 1.3 can develop further. Therefore, Clade 1.3 is most likely a newly differentiated branch of Clade 1 in the evolutionary process.
The selection site loci in the Clade 1 genes existed in the sequences encoding the SBP domain and the C-terminal conserved motif combination. The presence of Zn1, Zn2, and NLS in the SBP domain implies that this domain is important for DNA binding (Yamasaki et al. 2004; Birkenbihl et al. 2005) . Single amino acid substitutions in the SBP domain, and especially in Zn1, Zn2, and NLS, can alter the ability of SPL to bind to DNA. However, the temporal and spatial SPL expression levels are not influenced by the SBP domain sequence. Therefore, any observed temporal and spatial differences in expression are most likely due to the branch-specific motif combination encoded in the sequence corresponding to the C-terminus. We detected a transmembrane structure in the conserved motif combination at the C-terminus of Clade 1 SPL proteins. Interestingly, no Pfam domain matches this cascade. These observations do not mean that no functional structure exists in this region; therefore, further studies should focus either on mutating the selection site in the region or deleting the region to explore its actual function.
Clade 3 has the largest number of members among the three major clades, each with its own motif structure and functionality. In C. cathayensis, the SPL genes were highly expressed throughout the development of the male and female flowers, suggesting that these genes are closely related to flower development (Fig. 4a) . In C. illinoinensis, Clade 3.5 has the highest ω-value in the SPL gene family, while the other five branches have similar ω-values between 0.1 and 0.2 (Fig. 2) . Expression analysis revealed that the branches of Clade 3 have similar expression patterns, except for Clade 3.5 (Fig. 4) , and the SPL genes in Clade 3.5 were highly expressed in the roots (Fig. 4b) . The O. sativa SPL genes in Clade 3.5 (Fig. S1 ) can alter the pattern of cell proliferation and elongation, leading to changes in grain shape (Wang et al. 2012 ). The Z. mays SPL genes in Clade 3.5 (Fig. S1) show a greater expression in mutant feminized tassels than in wild type, suggesting a role in ear-specific traits (Hultquist and Dorweiler 2008) . The function of the SPL genes in Clade 3.5 is species specific and displays large differences in tissue specificity in C. illinoinensis. Determining whether similar functions could be assigned to the Juglandaceae SPL genes would, therefore, be of great interest. Generally, when compared with angiosperms, the purifying selection pressure of the Juglandaceae SPL genes is small, indicating that the Juglandaceae SPL genes are more susceptible to functional differentiation.
Expression analysis also indicated differences in the expression levels of SPL genes within the same clade (e.g., Clades 2 and 3). These genes showed either decreased expression or were no longer expressed. These SPL genes were also not expressed in other tissues and periods (Fig. 4) . The reduced expression levels may be affected by defunctionalizations and subfunctionalizations during evolution. One possible hypothesis is that the moderate expression level of the SPL genes (assumed to be homologous) is due to the redundancy of their functions. These genes are maintained in the plant genome and can compensate for mutations that may occur during evolution, so that plant growth is unaffected and the mutations have no obvious side effects.
SPL genes are regulated by miR156
Previous research has revealed that the genes encoding short SPL proteins are largely regulated by miR156 and miR157, with their complementary sites at the 3′ untranslated or coding regions of the genes (Matthew et al. 2002) . Our results suggested that 88% of C. cathayensis SPL genes (15 genes) in Clade 3, except for Clade 3.1, was regulated by miR156 ( Fig. S5 and Table S6 ). Only a few of the C. cathayensis SPL genes were clustered into Clade 3.1 (Fig. S1 ), which contained SPL genes of A. thaliana (AtSPL8) and P. trichocarpa (PtSPL21 and PtSPL26). Previous studies have concluded that AtSPL8, PtSPL21, and PtSPL26 were not regulated by either miR156 or miR157 (Preston and Hileman 2013; Li and Lu 2014) . Therefore, the lack of regulation of Clade 3.1 SPL genes by miR156 appears to be universal among species. The miR156 target sequence is located at base positions 681 to 2081 (encoding amino acids 227 to 693), and none of Clade 3 SPL genes have a miR156-targeted site in their SBP domain (Table S6 ). This observation suggests that the miR156 regulatory site is not affected by selection sites. The miR156 regulatory sites are not easily affected even when species have evolved under environmental selection pressures.
Conclusions
In this study, we performed a phylogenetic analysis of the SPL gene family of the Juglandaceae and other land plant species. We identified 293 SPL genes in 13 species, with J. regia, C. cathayensis, and C. illinoinensis containing 30, 30, and 37 SPL genes, respectively. We have classified the SPL gene family into three major clades, and further divided them into 10 small clades. All clades of the SPL gene family have been purified and have evolved to stabilize. However, the purifying selection of the Juglandaceae SPL genes was smaller than that of the angiosperms. Our results indicated that the Juglandaceae SPL gene is more susceptible to functional differentiation than are the SPL genes of most angiosperms. The Clade 3.5 has the highest ω-value and the greatest differentiation potential. Expression analysis indicated that the SPL genes of Clade 3.5 were indeed different from the SPL genes of other branches in Clade 3 and are highly expressed in roots. It will be interesting to see if similar functions can be assigned to the Juglandaceae SPL genes in this clade. The expression analysis also showed that Clade 1 and the other two branches show spatial and temporal differences. Clade 1 genes are highly expressed in various tissues and organs, and this expression profile is closely related to many motif combinations at the C-terminal. We also observed a branch-specific membrane structure and many selection sites at the C-terminal of Clade 1. This structure and these sites will be important entry points for revealing the functional differentiation of the SPL gene family.
